We consider a minimal model where the Higgs boson arises as an elementary pseudo-Nambu-Goldstone boson. The model is based on an extended scalar sector with global SO(5)/SO(4) symmetry. To achieve the correct electroweak symmetry breaking pattern, the model is augmented either with an explicit symmetry breaking term or an extra singlet scalar field. We consider separately both of these possibilities. We fit the model with the known particle spectrum at the electroweak scale and extrapolate to high energies using renormalization group. We find that the model can remain stable and perturbative up to the Planck scale provided that the heavy beyond Standard Model scalar states have masses in a narrow interval around 3
I. INTRODUCTION
The discovery of the Higgs boson at the LHC has verified the Standard Model (SM)-like pattern of electroweak symmetry breaking. A possible interpretation of this discovery is to take the SM particle content (possibly extended by three right handed neutrinos [1, 2] ) to describe all elementary particle interactions below the Planck energy: with the observed Higgs mass the scalar self coupling does not develop a Landau pole and while the scalar self coupling runs negative around scale 10
In section III we examine the running of the couplings in the case with an explicit breaking term. In section IV we examine the running of the couplings in the case with an extra scalar and in section V we present our conclusions. where λ 1 and λ 2 are strictly positive, but λ 3 is allowed to take negative values within the bound implied by the above equation.
The gauge interactions are determined, as in [13, 14] , from the kinetic term:
where the covariant derivative is
The T L and T R are the generators of the SU L (2) and SU R (2) respectively and they are explicitly defined in Appendix A. The Lagrangian for the Yukawa couplings is
where α is a SU L (2) index and P α are pseudo-projectors defined as P 1 = 1 √ 2 0, 0, 1, i, 0 and
These pseudo-projectors pick the correct parts of the doublets in Σ. We will consider here only the Yukawa interactions of the top quark as these are the ones giving the dominant contribution from fermions to the beta functions. The beta functions describing the running of the couplings above the renormalization scale µ 0 are computed using the standard methods [15] [16] [17] . The beta functions at one-loop order for the three scalar couplings in this theory are
However, there is an important caveat that we need to take into account now. In [12] some of the authors of the present paper found that the gauge and Yukawa interactions are not enough to align the vacuum away from zero in any SO(N) → SO(N − 1) theory where the Higgs is an elementary pNGB. Two ways of solving this issue were put forward in [12] : First, by adding a small explicit breaking term competing with the one loop potential contribution, and second, by adding an extra scalar field which couples to Σ via a portal coupling. Within the second approach three new couplings need to be introduced. In the following two section we will answer the relevant question of what is the behaviour of the running of all the couplings in both scenarios at high energy. To our knowledge these is the first comprehensive analysis of these theories at short distances.
III. SO(5) → SO(4) + EXPLICIT BREAKING TERM
In this section we consider the tree level potential given in eq. (1). At some renormalization scale, µ 0 , the three scalar couplings are assumed to combine so that the potential is SO(5) invariant. Furthermore, assuming perturbative values of the couplings, the one-loop corrections are computable using the Coleman-Weinberg potential which is defined as
where M 0 is the mass matrix, Str is the supertrace where the sums over scalar, fermion and vector degrees of freedom are weighted with factors 1, −2 and 3, respectivley. The constant C depends on the particle type and is C = 3/2 for scalars and fermions and C = 5/6 for gauge bosons. The factor V GB represents the one-loop corrections from the Goldstone bosons which we will neglect since their contributions to the potential are much smaller than the correction from massive particles.
As argued above we can ensure existence of a nontrivial vacuum by adding an explicit symmetry breaking term, given by
On the basis of the results in [12] we take C B > 0 and small, in order to have a small breaking. Concretely, we consider 0 < C B < 0.1. Imposing the correct mass of the Higgs and minimizing of the potential wrt. θ give us an upper and lower bound on the mass M σ which is 1.35 TeV < M σ < 3.20 TeV. This corresponds to a coupling λ in the interval 0.29 < λ < 1.68. These are the values below the renormalization scale µ 0 , where we can describe the theory through the Coleman-Weinberg potential. The renormalization scale µ 0 is a function of M σ and in the allowed interval of M σ it is nearly constant with the value µ 0 ≈ 2 TeV. Above the renormalization scale the coupling λ splits into three couplings which run according to their respective beta functions. At the renormalization scale the value of all three couplings is determined by λ. The couplings λ 1 and λ 2 must be positive and we require that all couplings remain free of Landau poles all the way to the Planck scale. From these constraints we find 0.50 < λ < 0.90 which corresponds to a sigma mass in the interval 2.93 TeV < M σ < 3.10 TeV and sin θ in the interval 0.034 < sin θ < 0.043. Finally the vacuum is found to be between 5.66 TeV < v < 7.18 TeV. These constraints are illustrated in figure 2. The figure show the scale evolution of the couplings λ 1 (red), λ 2 (orange) and λ 3 (blue), and the constraints restrict the running of the couplings to lie between the corresponding solid and dashed curves. The relationship between λ and M σ below µ 0 = 2 TeV (i.e. where the coupling does not run) is plotted in the left panel of figure 3 . The blue line shows the relation between M σ and λ when the potential is minimised with respect to sin θ and the correct mass of the Higgs is imposed. The shaded regions are excluded due to perturbativity and stability constraints on λ and the grey vertical lines correspond to M σ = 2.93 TeV and M σ = 3.10 TeV respectively. The right panel of figure 3 shows the mass of the σ particle, M σ , as function of the renormalization scale µ. The blue shaded region is excluded due to vacuum stability as the couplings run. The orange shaded region is excluded due to the perturbativity of the couplings (i.e. the absence of Landau poles below the Planck scale). This means that the running of M σ lies on a curve in the white region 2 . As in the Elementary Goldstone Higgs model, first proposed in [13, 14] , the observed Higgs boson is a superposition between the σ and the π 4 particles. This superposition can be described by a mixing angle α. For small values of θ this can be approximated as
where A and B are coefficients depending only on gauge and Yukawa couplings. They are given by
If α is close to π 2 the observed Higgs is mostly the Goldstone Boson, π 4 , while the observed Higgs is mostly the scalar σ if α is close to zero. In the interval for M σ found above, α is very close to π 2 and the observed Higgs is almost the Goldstone boson. Defining the two mass eigenstates h 1 = cos α σ + sin α π 4 and h 2 = − sin α σ + cos α π 4 , where h 1 is the observed Higgs, we can calculate the self couplings of the physical mass eigenstates:
Note that the quartic couplings do not depend on the mixing angle α and the quartic couplings for h 1 and h 2 are identical. However, the trilinear couplings do depend on α. When α is close to π 2 the trilinear self coupling of h 1 is very small while the trilinear self coupling of h 2 is large. In the interval on the mass M σ found above, we can calculate the ratio of the two trilinear couplings with the trilinear coupling of the SM:
The trilinear coupling for λ h 1 h 1 h 1 is very small compared to the corresponding coupling in SM and it is smallest when the M σ is smallest. However the behavior of λ h 2 h 2 h 2 is the opposite:
λ h 2 h 2 h 2 is larger than the SM one and it is largest when M σ is smallest. We have therefore shown that this scenario leads to a viable elementary Goldstone Higgs framework valid up to the Planck scale.
IV. SO(5) → SO(4) + AN EXTRA SCALAR Ω
Now we turn to the other possibility, namely adding an extra scalar Ω which couples to Σ via a portal coupling. We assume that Ω is both real and has a Z 2 symmetry. The new tree level potential is then
As in the previous section, we write the potential in terms of the doublet and singlet fields:
Here the couplings λ 1 , λ 2 and λ 3 are, at tree level, determined by the self-interaction λ in the SO(5) invariant potential, Eq. (18), and similarly λ 4 and λ 5 are determined byλ. However, similarly to the situtation treated in the previous section, all these couplings will receive different contributions at one-loop order and, consequently, their running will be different. The beta functions for the six different couplings are: Note the similarity between the beta functions of λ 3 and λ 4 , which are the couplings between the scalar doublet and the two scalar singlets. Also note the similarity between the beta functions of λ 2 and λ Ω , which are the self-couplings of the two singlets: The new scalar singlet Ω has interactions which are analogous to the original singlet component S of the SO(5) mutiplet Σ.
For simplicity we consider the case, where the mass of the new particle Ω is the same as the mass of σ. Just as in the previous case, below the renormalization scale µ 0 the couplings combine and the SO(5) → SO(4) symmetry is intact. Since the couplings are perturbative, we can use the Coleman-Weinberg potential introduced in (12) . However, in this case the mixing α is simpler and given by
where A and B are given in (15) .
As in the case treated in the previous section, we will now constrain the model by requiring that correct spectrum of physical states is reproduced at low energies, and that the vacuum remains stable at high energies. We also require that the one loop running of the dimensionless couplings is free of Landau poles below the Planck scale. We treat separately the constraints relevant below and above the renormalization scale.
First, below the renormalization scale, we impose the correct mass of the Higgs and demand that the potential is minimized with respect to θ. We find that the common mass of σ and Ω has a minimum value: M σ = M Ω = 2.80 TeV. Requiring that λ remains perturbative, λ ≤ 4π, we find that the maximal value of the mass is 3.03 TeV. The minimal value of the mass corresponds to minimal values for the couplings λ = 0 andλ = 0.01 at the renormalization scale µ 0 . At this value of λ the renormalization scale is µ 0 = 1.70 TeV.
Second, above the renormalization scale the couplings run and, consequently, the allowed mass ranges will be refined by constraints due to stability of the potential and absence of Landau poles below the Planck scale.
For the potential to be stable, the coupling λ 1 has to be positive all the way to the Planck scale. This requires that the combined coupling evaluated at the renormalization scale is λ ≥ 0.51. The corresponding value for the renormalization scale is µ 0 = 1.70 TeV. The lower limit of λ corresponds to a mass of 2.81 TeV. Similarly the value ofλ at the renormalization scale isλ = 0.11, whileλ Ω is a free variable with the only requirement that it cannot be negative.
Requiring that all the couplings remain perturbative all the way to the Planck scale, i.e. that there are no Landau poles, constrains the values of the couplings evaluated at the renormalization scale from above. We find a maximal value λ = 0.96, which corresponds to a mass of 2.82 TeV. At this value of the mass,λ = 0.20 and does not acquire a Landau pole at energies below the Planck scale. The renormalization scale in this case is 1.71 TeV. Agaiñ λ Ω is a free variable and has a maximum value of 0.90 at the renormalization scale, when we require that it does not develop a Landau pole below the Planck scale. In this case we can calculate the selfcouplings of the Higgs as we did in equation (16) in the previous section. However we find that they are independent of the extra scalar Ω. In the allowed region in the parameter space we find the ratio of the trilinear couplings of the Higgs over the SM value:
V. CONCLUSION
We have examined the running of the couplings for the model with a global symmetry breaking pattern SO(5) → SO(4), which is a minimal extension of the Standard Model, where the Higgs is an elementary pseudo Goldstone boson. We have considered the realization of the model in terms of elementary scalar fields, which is an appealing possibility: the model can be analysed with controllable perturbative calculations, and the model can in principle remain valid all the way up to the Planck scale analogously to what has been proposed to be the case for SM itself. However, when coupled to the electroweak currents, the model does not provide for a correct symmetry breaking pattern and vacuum properties [12] . This issue can be solved in two different ways. We have separately analysed both of these possiblities to orient the vacuum in the desired and controllable way: First, by adding an explicit symmetry breaking term and second, adding instead an extra singlet scalar field.
To quantify the effects of the running of the couplings, we evaluated the beta functions of the three couplings in the pure SO(5) → SO(4) model. The pure doublet coupling depends strongly on the gauge and Yukawa couplings whereas the pure scalar coupling only depends indirectly on these. Adding an explicit breaking term does not change the beta functions and thereby the physical properties of the model.
On the other hand when adding a new scalar, three new couplings emerge and the three beta functions of the pure SO(5) → SO(4) model are slightly modified because of the interactions with the new singlet scalar. The new scalar self-coupling is similar to the original one as is also the case for the mixing of the new scalar with the doublet. The coupling between the new and the old scalar is slightly different from the scalar self-couplings but still it does not depend directly on the gauge and Yukawa couplings.
Our main result is that the mass intervals of the new heavy scalars are quite restricted by the overall constraints on the model. Below the renormalization scale we required the theory to reproduce the correct mass of the Higgs and above the renormalization scale we required the couplings to run in such a way, that the potential remains stable and the couplings remain perturbative all the way to the Planck scale. In both cases we analysed in this work we observed that the running of the couplings restricts the mass of the σ-particle to lie in a narrow interval, M σ ≈ 3 TeV with the reference renormalization scale to be around µ 0 ≈ 2 TeV.
More detailed numbers are as follows: When we add an explicit breaking term, the mass lies in the interval 2.93TeV ≤ M σ ≤ 3.10TeV and the related renormalization scale is µ 0 ≈ 1.7 TeV. When we add an extra scalar the interval of the mass is 2.81TeV ≤ M σ ≤ 2.82TeV and the renormlization scale is µ 0 ≈ 2 TeV. The mass intervals do not overlap but are close to each other.
We have also compared the trilinear couplings for the Higgs particles and the heavier scalar state in both cases with the trilinear coupling of the SM. We found that the trilinear coupling of the light Higgs is three orders of magnitude smaller than the SM one and that the trilinear coupling of the heavy Higgs is one order of magnitude larger in both cases.
Based on these results, we can expect the models where the Higgs arises as an elementary pNGB to provide an interesting model building framework which can be viable up to the Planck scale. The difference with respect to the SM is the enlarged scalar sector and the dynamical emergence of the electroweak scale from symmetry breaking at significantly higher energies.
